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Solubility of Lactose and its Hydrolytic Products

By EUGENE A. TALLEY AND ANN S. HUNTER

The solubility in water at 25 ° of various mixtures of lactose, p-glucose and p-galactose has been determined. First order,
empirical equations have been derived which express the solubility relationships of the three sugars.

Lactose might be utilized in the form of a sirup
if the solids content could be iricreased without
danger  of crystallization. Partial or complete
hydrolysis of lactose into its constituent hexoses
would be expected to make a sirup of high solids
content possible. The present work was under-
taken to determine the solubility relationships of
various mixtures of lactose and. its hydrolytic
products in water at ordinary temperatures.

The solubility of lactose itself in water has been
studied thoroughly,? and solubility studies have
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been made in the presence of other materials, such
as sucrose,® whole and skim milk,3® alcohol* and
pyridine,’ but not in the presence of p-glucose and
p-galactose. The solubility of p-glucose® and
p-galactose®.’ individually, as well as mixtures of
the two sugars,® has been determined in water.
Experimental
Lactose and glucose hydrates obtained from commercial

sources were recrystallized until they gave the correct con-
stant optical rotations. Galactose was recrystallized from
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commercial sources; some was prepared from lactose.? The
materials had the following equilibrium rotations and mois-
ture constants: a-Lactose hydrate [a]¥*Dp +52.5° (¢ 5,
H,0) (calculated from Browne and Zerban,° [«]2¢p +52.2°)
and 5.19% water of crystallization (theory, 5.0). a-p-Glu-
cose hydrate, [«]2D +48.0° (¢ 5, HyO) (calculated from
Browne and Zerban,!! [«]%*D +47.9°) and 9.2%, water of
crystallization (theory. 9.1). «-D-Galactose, [a]?p +79.1°
(calculated from Browne and Zerban,!? [a] %D +4-79.0°) and
99.9% solids (theory, 100.0%).

For the determination of solubility, samples of known sugar
concentration were made by weighing the sugar or sugars
into small conical flasks and then running in the calculated
amount of water from a buret. After the sugar or sugars
were dissolved to give the initial solution, an excess of the
solid sugar, the solubility of which was to be determined, was
added. A few drops of toluene were used as an antiseptic.
The flasks were stoppered with rubber stoppers and placed in
abathheldat25°. The flasks were shaken from time to time.
Aftertwoorthree weeks,5to6 g.of theclearsupernatant liquid
(thefinal sugar solution) was weighed into a 50-ml. volumetric
flask and made up to volume. This solution could be ana-
lyzed for the sugars by the method of Ramsdell,!3 but the
following method was deemed simpler and more direct.
The optical rotation was determined in a 4-dm. tube. An
aliquot was measured into a large weighed aluminum mois-
ture dish, evaporated to apparent dryness in an oven at at-
mospheric pressure at 60°, and then dried to constant
weight at 100° in a vacuum oven (the sugars dried to the
anhydrous form under these conditions). This sampling
and analysis procedure was repeated at approximately
weekly intervals until the rotation and moisture values were
constant. Little change occurred after the first determina-
tion. Reducing power determinations did not give useful
results. A test set of ten solutions in which the concentra-
tions of the three sugars varied over the ranges studied
showed that the optical rotations of the sugars in solution
were additive within the limits of error of this work; the
root mean square deviation for the ten samples was 0.1% of
the calculated value.

Since the initial sugar concentrations were known and
since neither the ratio of the concentrations of these sugars
nor the ratios of the concentrations to that of the water ini-
tially present changed when the solid sugar was added, the
final sugar concentrations could be calculated from either
the optical rotation or the moisture of the weighed sample
(W) taken. The sets of simultaneous equations for each
method may be solved as follows: For the equations based
on optical rotation: Let

W = wt. of final sugar solution taken for analysis

x = wt. of X sugar (soln. saturated with respect to X only)
in sample W

y = wt. of Y sugar in sample W

z = wt. of Z sugar in sample W

D = length of polarimeter tube in decimeters

e = wt.ratio of Y sugar to Z sugar in the initial solution

f = wt. ratio of water to Z sugar in the initial solution

g = 50/D

a = observed rotation (sample W diluted to 50 ml.)

A = [a]%D of X (for the hydrates in the case of glucose and
lactose)

B = [a]®Dpof Y

C = [«]®Dof Z

Since the ratio of Y to Z is the same in the initial and final
solutions :

y/z2 =eandy = ez
_ADx | BDy , CDz _ Ax + By + Cz
% t 50 =

* = 750 ;
Substituting y = ez and solving for z
;= %8~ Ax
eB + C
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If the concentration of X sugar is expressed in terms of the
hydrate for glucose and lactose and of the anhydrous form
for galactose, then the ratio of water to Z sugar may be
taken as the same in the initial and the final solutions, .e.

W—(x+y+2)
R
Then
W=x+y+z+ W—-(x+y+2))=c+y+z+/z
Substituting y = ¢z and solving for z
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For the equations based on moisture (in addition to the sym-
bols listed for optical rotation): Let

M = wt. of moisture in sample (W) taken

h = wt. ratio of Y sugar to the water initially present

i = wt. ratio of Z sugar to the water initially present

#n = number of moles of water per mole of sugar hydrate

__ n(H:0) _  n(18.02)
~ mol. wt. of X  mol. wt. of X
And for ease in solving equations

My = wt. of moisture added to Sample W when the X sugar
hydrate dissolved

Then
/(M — Mx) =h y= M- M)
/(M — Mx) =1 s = (M — M)
_ n(HzO)__ _
My = [m Lwtotx|® *

x+y+z+M=W
Substituting and solving for x
x+ MM — M)+ M — M)+ M=W
x+hAM+iM+ M—jxh+1) =W
.= W— Mhi+i+1)

T— G+ 0 ®
y = B — j2) (5)
s = i — jx) (6)

If W = 100 and M = %, moisture in the final sample, then
%, ¥ and z are obtained directly as percentages by using the
equations based on moisture. These results are on the an-
hydrous basis if the initial values and the molecular weight of
X are on the anhydrous basis. The equations for optical ro-
tation, however, do got take into account the water added
when a hydrated sugar is dissolved to saturate the final solu-
tion. Then the value for x must be corrected after it is cal-
culated from equation 1, if results are to be on the anhydrous
basis.

A sample calculation is given to illustrate the method. A
solution was prepared which contained 10%, lactose and
7.5% galactose on the anhydrous basis. Analysis of a sam-
ple of this solution after saturation with glucose hydrate gave
a moisture content of 46.0% and an observed rotation of
14.60° when a sample weighing 6.156 g. was diluted to 50
ml. and observed in a four decimeter tube. Substituting the
appropriate values in equation (1), we have

_ (14.60)(12.5)(1.333 + 1 + 11.00) — [(1.333)(55.3) + 79.1][6.156]

x
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(48.0)(1.333 + 1 + 11.00) — [(1.333)(55.3) + 79.1]

x = 3.064 g. of glucose hydrate in sample W = 2.785 g. of
anhydrous glucose or 45.29%,.

Substituting in equation (2)



.o 0156 — 3064 _
1.333 4+ 1 + 11.00
0.232 g. of anhydrous galactose or 3.76%.
Substituting in equation (3)

y = (1.333)(0.232) = 0.309 g. anhydrous lactose or

5.02%

Using values based on moisture and substituting in equa-
tion (4), we have
. = (100 — 46.0)(0.1212 4 0.0909 -+ 1) _
1 - (0.121‘2 + 0.0909)(0.1000)
45.29%, anhydrous glucose

Substituting in equation (5)
y = [0.1212][46.0 — (45.2)(0.1000)] = 5.03% anhydrous
lactose
Substituting in equation (6)
z = [0.0909][46.0 — (45.2)(0.1000)] = 3.77% anhydrous
galactose
Results and Discussion

Good agreement was obtained between the re-
sults based on optical rotation determinations and
those based on moisture determinations. This is
indicated by the results listed in Table I.

TABLE 1

SoLuBILITY DATA®

Glucose, % Galactose, % Lactose, %
(o] S (o] S o S

46.47  46.16 3.67 3.69 2.44 2.46
45.25 45.20 3.77 3.77 5.03 5.03
43.41 43.49 3.92 3.91 7.83 7.82
44.70 44,99 7.62 7.58 2.54 2.53
42.85 42.61 7.93 7.97 5.29 5.32
42.25 43.31 12.05 12.03 2.72 2.68
40.33 40.44 12.52 12.49 5.56 5.55
37.82 37.64 16.06 16.12 5.84 5.86
39.38 39.49 17.00 16.97 2.84 2.83
& Under O are results based on optical rotation. Under

S are results based on solids or moisture.

Tables IT and III list the final concentrations of
all the samples tested, where equilibrium was ap-
proached from unsaturation, along with the initial
sugar concentration. These are averaged values
based on both moisture and optical rotation. In
a few cases, solution of the added sugar caused the
solution to become supersaturated with respect to
one of the initial sugars. No indication was
found, however, that any of the initial sugar came
out of the solution when the solid form of that
sugar was not present. These points were in-
cluded in the correlations given below since their
deviations were in the normal range. A few cases
(not listed) were tested in which equilibrium was
approached from supersaturation and only one
sugar was used. The rate was much slower than
that from unsaturation, even with the solid phase
present.3?

The equations representing the solubility rela-
tionships of the three sugars were calculated by the
method of least squares* using the values from
TablesIT and ITI. The equations are

La = 17.50 — 0.2452G! — 0.2477Ga 7)
Gl = 50.38 — 0.6305La — 0.5550Ga (8)

N

Ga = 32.09 — 0.3898Gl — 0.3973La 9)

(14) Mordecai Ezekiel, ‘‘Methods of Correlation Analysis,”” John
Wiley and Sons, Inc., New York, N. Y., 2nd ed., 1941,

where La, Gl and Ga represent the number of grams
(anhydrous basis) of lactose, glucose and galactose,
respectively, per 100 g. of solution. The standard
deviationsi* of the experimentally determined
values from the values estimated by the equations
given above were 0.269, 0.219 and 0.180, respec-
tively. The standard errors of estimate!* were
calculated to be 0.288, 0.240 and 0.196, respec-
tively. The limiting final solubility of the three
sugars in water at 25°, saturated with respect to all
three, was calculated from the equations 7 to 9
to be 4.109, lactose, 39.42%, glucose and 15.10%
galactose.

From these equations (7 to 9) were derived pairs
of equations, which represent the limiting solubili-
ties of two of the sugars in varying concentrations
of the third (nmone of the experimental points in
Tables IT and III should fit these derived equations)

For varying concen- Gl = 46.54 — 0.4718Ga  (10)
trations of galactose La = 6.09 — 0.1320Ga  (11)
For varying concen- Ga = 15.89 — 0.1934La (12)
trations of lactose Gl = 41.56 — 0.5231La (13)
For varying concen- Ga = 27.88 — 0.3243Gl  (14)
trations of glucose La = 10.60 — 0.1648G}  (15)

A plot of the orthographic projections of the
points in Tables IT and III, made by the methods of
descriptive geometry,'s showed that the final
solubilities of the sugars could be represented
graphically by three plane surfaces in a three-
codrdinate system, as indicated in Fig. 1. In this
figure, plane BCFE represents the limiting solu-
bility of lactose in the presence of glucose and galac-
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Fig. 1.—Solubility relationships of lactose, p-glucose and
p-galactose in water at 25°.
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ing,"”” D. C. Heath and Co., New York, N. Y., 1904.



TABLE II
SoLusBILITY OF D-GLUCOSE, LACTOSE AND D-GALACTOSE
(GrAMS ANHYDROUS SUGAR PER 100 G. OF SOLUTION)

Two-sugar component systems

Initial sugar content. Final sugar content
c- Galac- Lac-

Glucose tose tose Glucose tose Galactose
Saturated with glucose
o 50.2 0
5.2 48.6 2.43
10.5 47.3 5.01
15.7 45.6 7.82
(o] 50.5 0
7.5 48.7 3.48
15.0 46,5 7.32
22.5 44.2 11.6
30.0 41.4 16.4
Saturated with lactose
0 0 17.6
10.0 8.4 15.4
20.0 17.2 13.4
30.0 26.5 11.0
40.0 36.3 8.75 -
50.0 47.2 5.39
0 17.6 /]
5.0 16.5 4.1
10.0 15.5 8.4
15.0 14.6 12.7
20.0 13.2 17.2
25.0 11.9 21.9
30.0 11.1 26.5
Saturated with galactose
0 0 32.0
5.0 3.46 30.8
10.0 7.40 29.7
15.0 10.8 27.7
0 (0)° o (0° 32.1(32.1)¢
10.0 (10.0) 7.1(7.1) 29.5(30.1)
20.0 (20.0) 14.8 (14.6) 26.1 (26.9)
30.0 (30.2) 23.1 (23.0) 23.0 (23.8)
40.0 (40.3) 32.1 (32.0) 19.7 (20.6)
50.0 (49.1) 42.2 (40.6) 15.7 (17.3)
(50.0) (41.7) (16.6)

¢ The values in parentheses are calculated from Ramsdell
and Webb.8 (See the text for method of calculation.)

tose in water at 25°. Similarly, plane ADCB
represents the solubility of glucose, and plane
CDGF represents the solubility of galactose.
Equations 7, 8 and 9, respectively, are the equa-
tions of these planes. The line of intersection,
BC, represents the solubility of both glucose and
lactose in the presence of varying concentrations of
galactose. Similarly, line CD represents the solu-
bility of glucose and galactose, and line CF repre-
sents the solubility of lactose and galactose. The
pairs of equations, 10 and 11, 12 and 13, and 14 and
15, respectively, are the equations of these lines.
Point C is the triple point representing the limiting
solubilities when the solution is saturated with all
three sugars. (The values in the. figure were cal-
culated from the equations. The values for this
point estimated from the original plot were: 4.5%,
lactose, 39.69, glucose and 14.8%, galactose.)
Points B, D and F represent double points where
the third sugar is not present. Points A, E and
G, respectively, represent the solubilities of the
individual sugars: glucose, 50.4%; lactose, 17.5%;
and galactose, 32.09%,.

The concentrations of the sugars were estimated
from the original plot for nine points where the
solutions would be saturated with respect to two of
the sugars as well as the point where the solution

TasLE 111

SoLUBILITY OF D-GLUCOSE, LACTOSE AND D-GALACTOSE
(GRAMS ANHYDROUS SUGAR PER 100 G. OF SOLUTION)

Three-sugar component systems
Initial sugar-content Final sugar content

Glucose lactose Galactose Glucose Lactose Galactose
Saturated with lactose
10.0 7.5 8.6 13.7 6.4
10.0 14.9 8.7 12.0 13.1
10.0 22.5 8.9 10.2 20.1
20.0 7.6 17.6 11.4 6.7
20.0 15.0 17.9 9.80 13.4
20.0 22.5 18.4 7.64 20.7
30.0 7.5 27.1 9.17 6.8
30.0 15.0 27.9 6.82 13.9
40.0 7.5 37.1 6.89 7.0
40.0 14.9 37.6 5.69 14.1
Saturated with glucose
5.0 7.5 46.5 2.44 3.7
10.0 7.5 45.2 5.03 3.8
15.0 7.5 43.4 7.83 3.9
5.0 15.0 43.9 2.58 7.8
10.0 15.0 42 .4 5.35 8.0
5.0 22.5 41.6 2.72 12.2
10.0 22.5 39.8 5.61 12.6
10.0 27.5 37.8 5.84 16.1
5.0 30.0 39.2 2.85 17.1
Saturated with galactose
10.0 5.0 7.2 3.61 27.8
10.0 10.0 7.4 7.35 26.3
10.0 15.0 7.6 11.3 24.3
20.0 5.0 15.1 3.78 24.4
20.0 10.0 15.4 7.70 23.1
30.0 5.0 23.6 3.94 21.4
25.0 7.2 19.5 5.56 22.2
35.0 5.0 28.1 4.02 19.7
40.0 5.0 32.9 4.10 17.7
25.0 10.0 19.7 7.82 21.4
would be saturated with respect to all three. Solu-

tions having the concentrations thus determined
then were made up, and the rotations and solids val-
ues were checked experimentally. The solid forms
of the sugars with which the solutions were supposed
to be saturated, were added, and the solutions were
kept in the bath at 25° as before. The maximum
change observed was 3.5%, of the original value for
rotation and 4.49, of the solids value. The root

mean square deviations were 2.25 and 2.4%,

respectively. ;

The value 17.5%, for the solubility of lactose from
equation 7 agrees fairly well with the literature
value? of 17.8%; the value 50.38%, for the solu-
bility of glucose from equation 8 agrees with the
value, 50.819, interpolated from the data of
Jackson and Silsbee.® The value for galactose,
32.09%,, agrees exactly with those previously re-
ported,”? but the values for mixtures of galactose
and glucose are different from those previously
reported.® The final solubilities of galactose and
glucose together were found to be 15.89 and 41.56%,
respectively, instead of the previously reported
values of 8.5 and 49.8%,. The locus of the final
solubility of galactose in the presence of varying
concentrations of glucose also was found to be a



straight line (line DG in Fig. 1) instead of the curve
previously reported.! However, if one estimates
the values of the points on the curve given by
Ramsdell and Webb® and then assumes that the
values for glucose are the initial concentrations of
glucose and that the sum of values for glucose and
galactose at each point is the percentage of solids
in the corresponding solution saturated with ga-
lactose, one may calculate a series of results, using
equations 4 and 5 above, that agrees much more
closely with the values obtained in this work.
Equations 1-6 take into account the fact that the
concentrations of theinitial sugars in the solution
decrease percentagewise when the solid sugar
dissolves, although the ratios between the initial
sugars and the water present initially remain con-
stant. The values in parentheses in Table II,
given for comparison, were calculated in this
manner. A plot of these points gave a straight
line which is close to the line plotted from the
points determined in this work.

There was no indication of curved lines or sur-
faces in the representation of any of the data re-
ported in Tables II and III. As mentioned above,
the deviations of the experimental points from those
calculated were small and, moreover, the deviations
appeared to be completely random; neither the
positive nor the mnegative deviations could be
associated with adjacent points in any way. The
data as worked up present a consistent picture in
every respect, and check determinations on points
which could not be determined directly and easily
by experiment showed that the methods were
correct. Therefore, the results reported are be-
lieved to be correct within the limits indicated by
the standard errors of estimate listed above.
The methods given will be useful for similar studies.
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